Abstract-This paper presents the main operation modes for an electric vehicle (EV) battery charger framed in smart grids and smart homes, i.e., present-day and new operation modes that can represent an asset toward EV adoption are discussed and proposed, respectively. Apart from the well-known grid-to-vehicle (G2V) and vehicle-to-grid (V2G) operation modes, this paper proposes two new operation modes: home-to-vehicle (H2V), where the EV battery charger current is controlled according to the current consumption of the electrical appliances of the home (this operation mode is combined with G2V and V2G), and vehiclefor-grid (V4G), where the EV battery charger is used for compensating current harmonics or reactive power, simultaneously with the G2V and V2G operation modes. The vehicle-to-home (V2H) operation mode, where the EV can operate as a power source in isolated systems or as offline uninterruptible power supply to feed priority appliances of the home during power outages of the electrical grid, is presented in this paper and framed with the other operation modes. These five operation modes were validated through experimental results using a developed 3.6-kW bidirectional EV battery charger prototype, which was specially designed for these operation modes. This paper describes the developed EV battery charger prototype, detailing the power theory and the voltage and current control strategies used in the control system. This paper also presents experimental results for the various operation modes, both in steady state and during transients.
charged from the power grid through on-board or off-board chargers [6] , [7] , through integrated battery chargers [8] , or even through inductive chargers, i.e., contactless charging systems [9] . In this context, a reconfigurable on-board EV battery charger with the capability to charge the auxiliary battery from the traction batteries (traction-to-auxiliary operation mode) is also proposed in [10] . Nevertheless, the power grids were not designed to support this new electrical appliance, where power quality and power grid stability are the main issues derived from the uncontrolled EV battery-charging process [11] , [12] . Moreover, the full adoption of EVs is strongly dependent on major technological issues related with energy efficiency and innovation in energy storage systems [13] , [14] . Nowadays, with the introduction of EVs in power grids around the world [15] , [16] , new research challenges are emerging in terms of open electricity markets and for advancement in the production and integration of renewable energy [17] , [18] . An integrated energy management system to incorporate EVs in power grids with intermittent production of energy from renewables is proposed in [19] . In this context, a complex scheme for the charging scheduling of EVs, considering their uncertain arrival and different energy prices, is proposed in [20] .
With the integration of EVs, where the batteries are charged from the power grid, arises the concept of grid-to-vehicle (G2V). However, due to the capacity of the EVs to store energy, using bidirectional battery chargers, it is possible to send energy in the opposite way, i.e., from the EV batteries to the power grid. This operation mode is well documented in the literature and is identified as vehicle-to-grid (V2G) [21] , [22] . The V2G operation mode can also be used to stabilize the power grid and to support large-scale renewable energy integration, as presented in [23] . Therefore, the EV can operate as an active element in collaboration with the power grids [24] . Nevertheless, since the EV batteries are charged and discharged, a cost function should be modeled for the V2G operation mode [25] . In this context, the EV can be used as an active element in the power grid, i.e., it can operate as an energy storage system (enabling consumption, storage, as well as return of energy back to the power grid), consequently contributing to power grid stabilization [23] . For this purpose, the design of an aggregator of EVs is presented in [26] .
The G2V and V2G operation modes are controlled to share active power with the power grid, neglecting the other electrical appliances of electrical installation where the EV is plugged in. This is a drawback, mainly, when the EV batteries are charged at home. Therefore, one of the innovative operation modes proposed in this paper consists of a smart charging strategy for the EVs, targeting future smart homes. This strategy consists in regulating the current in the EV as a function of the total current in the home, aiming to prevent overloads and overcurrent trips in the main circuit breaker [27] . This smart strategy for EV battery charging can be used in both G2V and V2G operation modes and is defined in this paper as home-to-vehicle (H2V).
Apart from the present G2V and V2G operation modes, where active power is exchanged between the EV and the power grid, the EVs can also be used to produce reactive power. As an example, in [28] and [29] , two studies showing that the EV battery charger is capable of producing reactive power simultaneously with the G2V and V2G operation modes are presented. In the scope of the study presented in [28] , this operation mode (EV battery charger producing reactive power) is assessed in more detail in [30] , where five distinct operation modes (normal G2V, G2V with production of capacitive reactive power, G2V with production of inductive reactive power, production of only capacitive reactive power, and production of only inductive reactive power) are considered. In this operation mode, which is proposed in this paper as vehicle-for-grid (V4G), apart from producing reactive power, the EV battery charger can also implement active-power filter functionalities, i.e., compensating current harmonics produced by the home nonlinear electrical appliances. A great advantage of this operation mode is that it does not use EV batteries, and therefore, it does not cause aging. Moreover, according to the nominal power of the EV battery charger, this operation mode can be used simultaneously with the G2V or the V2G operation mode. This operation mode (V4G) will represent an asset to the smart grids if the EV is kept plugged to the power grid even when it is not charging. Taking into account that the EV is a dynamic load for the power grid, it can be used in this operation mode in public or private EV charging stations. This interactivity between the EVs and the smart grids will demand efforts toward the development of smart homes [31] , facilitating the implementation of efficient energy management solutions [32] , [33] . As an example, the integration of the EV in smart homes is presented in [34] .
In addition to the aforementioned operation modes (G2V, V2G, H2V, and V4G), using a bidirectional EV battery charger based in a voltage source converter, the EV can be also used to operate as a voltage source. The vehicle-to-home (V2H) operation mode was initially proposed in [35] and was enhanced in [7] . However, in both cases, only the preliminary results of this operation mode, i.e., it was only validated with linear electrical appliances, are presented. Therefore, in the scope of this paper, this operation mode was improved and validated with nonlinear electrical appliances, which is a more realistic condition. This operation mode (V2H) can be separated in two cases: when the EV is used as a voltage source in isolated systems and when the EV is used to operate as offline uninterruptible power supply (UPS), in grid-connected mode. Nevertheless, taking into account that this operation mode requires energy from the EV batteries, it must be managed in accordance with EV driver convenience.
Considering the operation modes of the present-day (G2V and V2G) and the proposed operation modes, the EV can operate as a versatile active element, which is capable of consuming, storing, and providing energy. The interactivity between the aforementioned operation modes with the power grid must be controlled to bring benefits for the power grid and for the EV driver. Therefore, the information and communication technologies for smart grids will play an important role [36] . As an example, in [37] , a mobile information system, denominated vehicle-to-anything, which is used to give relevant information to the EV driver, for instance, recommendations to manage the range autonomy, information on the electricity market, location of the EV, location of public EV battery-charging stations, and daily route planner, is presented.
Along this paper, experimental results obtained with a developed on-board EV battery charger prototype under real conditions to validate the following presented and proposed operation modes are presented: 1) the G2V operation mode; 2) the V2G operation mode; 3) the H2V operation mode; 4) the V4G operation mode; and 5) the V2H operation mode. During the five operation modes, the same EV battery charger is used, and the main control algorithm is divided into five algorithms (each one for each operation mode). These five operation modes are analyzed independently and in detail in Sections III-VII.
The rest of this paper is organized as follows. Section II presents the developed EV battery charger prototype used in the experimental tests, i.e., the power electronics description and the digital controller design. The G2V and V2G operation modes are presented, respectively, in Sections III and IV. The H2V operation mode is presented in Section V. The V4G operation mode, i.e., when the EV battery charger is used to compensate for harmonics and reactive power, is presented in Section VI. Section VII presents the V2H operation mode with the EV operating in two distinct cases: as a voltage source in isolated systems and as offline UPS. Finally, Section VIII presents the main conclusions of this work.
II. DEVELOPED BIDIRECTIONAL ON-BOARD
ELECTRIC VEHICLE BATTERY CHARGER Fig. 1 shows the EV integration in the power grids and the on-board EV battery charger used to validate the different operation modes. Fig. 1(a) shows the power converter topology. Fig. 1(b) shows the hardware of the on-board EV battery charger prototype.
A. Power Electronics Description
The developed on-board EV battery charger has nominal power of 3.6 kW and is composed of two power converters [cf., Fig. 1(a) ] with a total power density of 0.43 kW/L and an efficiency of 94% during the G2V (which is the main operation mode) at the rated power of 3.6 kW. The ac-dc front-end converter is used to interface the power grid, i.e., it is a bidirectional voltage source converter controlled by current (or voltage according with the operation mode). This converter was designed to be connected to the power grid with a nominal voltage of 230 V, i.e., for a maximum root mean square (RMS) current of about 16 A. The dc-dc back-end converter is used to interface the batteries, i.e., it is a dc-dc half-bridge bidirectional converter controlled by voltage or current. This converter was designed for a maximum output current of 10 A and a voltage range between 250 and 400 V. In both power converters, insulated-gate bipolar transistors (IGBTs) are used (model IXXR110N65B4H1) from the manufacturer IXYS, which are switched at 20 kHz. The IGBTs use drivers SKHI61R from the manufacturer Semikron. In parallel with each leg, a snubber capacitor of 1 μF (1000 V) is used. The voltages and currents are measured with Hall-effect sensors CYHVS5-25A and LTSR15-NP, respectively. The input inductor (L ac ) has a value of 5 mH (20 A), the input capacitor (C ac ) has a value of 5 μF (400 V), the dc-link capacitor (C) has a value of 3 mF (450 V), the output inductor (L dc ) has a value of 2 mH (12 A), and the output capacitor (C dc ) has a value of 680 μF (400 V). These passive components were selected to design a reliable on-board EV battery charger, according to the requirements of the project "MobiCar-Design, development, testing and demonstration of sustainable mobility solutions"-PPS 4: "MOBICar.Power-Development of powertrain architectures for electrical systems," led by the company CEiiA [38] . In this project, we were responsible for the development of a compact and highly efficient on-board bidirectional battery charger, with sinusoidal current at the power grid side, for operation in G2V and V2G modes.
B. Digital Controller Design
The current and voltage control strategies for both ac-dc and dc-dc converters are presented in this item. The digital control is implemented in a digital signal processor (DSP; model TMS320F28335) from Texas Instruments. To obtain sinusoidal references to the grid current (or to the voltage during the V2H operation mode), a phase-locked loop (PLL) algorithm according to [39] is used. This PLL algorithm provides two unitary signals in phase (pll s ) and in quadrature (pll c ) with the power grid fundamental voltage. It is important to note that the power theory that allows for obtaining the references for the current (or voltage) is described for each operation mode in the following sections (cf., Sections III-VII). Fig. 2 shows the flowchart of the digital control system. According to this architecture, in the following sections, the control strategies for each operation mode are presented in detail.
1) AC-DC Front-End Converter: In Fig. 1(a) , analyzing the voltages and currents between the power grid and the EV battery charger, it can be established that
Substituting the current in the capacitor (i Cac ) represented in (1), it can be established that
Substituting (3) in (2) and rearranging such that the voltage (v bc ) that the EV battery charger must produce is obtained, we have
Using a digital control system, the time derivative of the current in the EV (i ev ) represented in (4) can be substituted by its discrete implementation using the forward Euler method according to
and the second-order time derivative of the power grid voltage represented in (4) can be substituted by its discrete implementation according to
Using (5) and (6), the discrete implementation of (4) results in
where f s is the sampling frequency, and k, k − 1, k + 1 are, respectively, the actual, previous, and next time instants. The purpose of this control law is to make the error between the current in the EV (i ev ) and its reference (i * ev ) be equal to zero at the instant k + 1. Therefore, (7) can be rewritten for
To compute (8) , it is necessary to know the value of the power grid voltage (v g ) in the instant [k + 1]. This value can be estimated from the present and previous values using a Lagrange extrapolation [40] , which is given by
Substituting (9) in (8), the final current control law that allows the control of the current produced by the EV battery charger (i.e., this equation is used to control the ac-dc converter) is obtained.
Taking into account that the ac-dc front-end converter is a voltage source converter, when it is controlled in voltage mode, the control of the output voltage is done directly by adjusting the duty-cycle value of the pulsewidth modulation (PWM) modulator. Therefore, the voltage reference is directly compared with a triangular carrier to obtain the gate pulse patterns.
2) DC-DC Half-Bridge Bidirectional Converter:
The dc-dc back-end converter is used to charge the batteries in two stages. Taking into account that this EV battery charger is used in an EV with lithium-ion batteries (nominal voltage of 308 V and nominal capacity of 66 Ah), the charging process consists of two stages [41] . In the first stage, the batteries are charged with constant current (about 80% of the battery capacity), and in the second stage, the batteries are charged with a constant voltage (about 20% of the battery capacity). The current to charge the batteries (i bat ) is controlled by the dc-dc converter operating as a buck-type converter. In Fig. 1(a) , analyzing the voltages and currents between the converter and the batteries, it can be established that
where v bat and i bat are, respectively, the instantaneous values of the voltage in the batteries and the current in the inductor L dc . The discrete implementation of (10) results in
where i Ldc [k + 1] must be equal to the reference in the instant
. This equation is used to control the dc-dc converter. The voltage to charge the batteries (v bat ) is also controlled by the dc-dc converter operating as a buck-type converter. In this situation, the output voltage is controlled according to
The current to discharge the batteries (i bat ) is controlled by the dc-dc converter operating as a boost-type converter. In Fig. 1(a) , analyzing the voltages and currents between the converter and the batteries, it can be established that
The discrete implementation of (13) results in
where i Ldc [k + 1] must be equal to the reference in the instant [k] . Taking into account that the current will follow in opposite sense, in the digital implementation, the current
The voltage to discharge the batteries (v bat ) is also controlled by the dc-dc converter operating as a boost-type converter. Moreover, in this situation, the control of the output voltage (dclink voltage) is done directly by adjusting the duty-cycle value of the PWM modulator, i.e., the reference of voltage is directly compared with the carrier to obtain the gate pulse patterns. Fig. 3 shows the principle of operation of the G2V mode. In this operation mode, the power flows from the power grid to the EV batteries. Considering that the power grid voltage (v g ) and the current in the EV (i ev ) are expressed, respectively, by
III. GRID-TO-VEHICLE OPERATION MODE
the mean value of the active power (P EV ) in the ac side of the EV battery charger can be defined by
Taking into account that, during this operation mode, only active power from the power grid to the batteries is transferred, the power grid voltage (v g ) and the current in the EV (i ev ) are in phase, i.e., cos(ϕ) = 1. Therefore, from (17) , an equivalent conductance (G EV ) according to
where V G corresponds to the RMS value of the power grid voltage, can be defined. Using the conductance defined in (18), the instantaneous reference for the current in the EV can be defined by
where pll s is in phase with the power grid voltage and has unitary amplitude. The active power P EV can be separated in two terms corresponding, respectively, to the power to charge the batteries and the power to regulate the dc-link voltage (v dc ). Therefore, substituting (18) in (19), we obtain
where P DC is obtained from a proportional-integral controller, which is used to maintain the dc-link voltage (v dc ) equal to the reference. Substituting (20) in (8), the final grid current control strategy for the ac-dc front-end converter during the G2V operation mode is obtained. During this operation mode, the dc-dc converter operates as a buck-type converter, allowing the control of the voltage and current to charge the batteries. The current reference to charge the batteries is provided to the EV battery charger by the battery management system (BMS) through controller area network bus communication [cf., Fig. 1(b) ]. This current reference is used in (11) . The voltage reference is also provided by the BMS and is used to adjust the duty cycle of the PWM modulator. In accordance with the EV battery manufacturer's recommendations, the dc-dc converter is controlled in both constant-current and constant-voltage stages. Fig. 4 shows the experimental results of the battery charger in the G2V operation mode. It is possible to see the power grid voltage (v g ) and the current in the EV (i ev ). The current in the EV (i ev ) is sinusoidal and in phase with the power grid voltage (v g ). The measured power factor was 0.99, and the current total harmonic distortion (THDi%) was 1%. It is important to note that these values were obtained due to the passive components L ac and C ac that help in filtering the high frequencies (cf., Section II-A). The power grid voltage (v g ) has a THDv% of 3% due to the nonlinear electrical appliances in the electrical installation and the line impedance. It is also important to note that, taking into account that the current in the EV is sinusoidal, the voltage in the power line impedance due to this current is also sinusoidal and does not contribute to the harmonic distortion of the power grid voltage. Fig. 5 shows the principle of operation of the V2G mode. In this operation mode, the power flows from the EV batteries to the power grid. The G2V mode is the main operation mode of the EV bidirectional battery charger; however, during some periods of time (in accordance with the requirements of the power grid and the convenience of the EV driver), the battery charger can be used in V2G mode to deliver part of the energy stored in the batteries back to the power grid. During this operation mode, the ac-dc front-end converter is used to control the current to be in phase opposition with the power grid voltage. In a smart grid scenario, this operation mode is controlled by the power grid manager and in accordance with the EV driver. Therefore, when it is required to deliver energy from the EV batteries to the power grid, the EV receives set points of energy (i.e., a reference value of an active power (P * AC ) and an interval of time) and controls the battery current (i bat ) to obtain the reference of current for the EV (i * ev ). Neglecting the power losses, the reference of current in the batteries (i * bat ) is obtained according to
IV. VEHICLE-TO-GROUND OPERATION MODE
Using (21), the reference of current for the EV (i * ev ) is obtained according to
During this operation mode, the dc-dc converter operates as a boost-type converter, i.e., it is used to control the battery current (i bat ). The reference of current to discharge the batteries [cf., (21) ] is used in (14) . Fig. 6 shows the experimental results of the EV battery charger in the V2G operation mode. This figure shows the power grid voltage (v g ) and the current in the EV (i ev ) during the V2G operation mode. As in the G2V operation mode, the current is sinusoidal, but in phase opposition with the power grid voltage, which means that the power flows from the EV batteries to the power grid. Moreover, in this operation mode, the measured power factor was 0.99, and the THDi% was 1%.
V. HOME-TO-VEHICLE OPERATION MODE Fig. 7 shows the principle of operation of the H2V mode. In this operation mode, the power flows from the power grid to the EV batteries, or vice versa, in accordance with the energy provided to the other electrical appliances in the home. The H2V operation mode is an improvement of the G2V and V2G operation modes. It consists in adjusting the current or voltage during battery charging (relation with the G2V operation mode) or in adjusting the current during battery discharging (relation with the V2G operation mode). It is important to note that the operation in these two cases is totally independent. 
A. H2V Combined With G2V
During this operation mode, the power flows from the power grid to the EV batteries in accordance with the power required by the other electrical appliances in the home. This functionality aims to prevent overcurrent trips of the main circuit breaker installed in the home. Therefore, the RMS current in the EV (I EV ) is the difference between the total current admissible in the home (I H_ max ) and the current in the electrical appliances (I A ), which is expressed by
Therefore, to perform this operation mode, measuring the current in the electrical appliances (i a ) and sending the measured value to the EV battery charger are required. As presented in [27] , the current of the electrical appliances is measured in the home electrical switchboard and sent to the EV through wired communication (when the EV is plugged at home). This current is acquired by the EV battery charger through the connector identified in Fig. 1(b) as "Measured Signals." The EV battery charger uses the measured value of current to adjust its own instantaneous current in accordance with those values. To implement this smart charging strategy, it is established that the maximum power available in the home is the power defined by the signed contract with the electricity service provider. To guarantee that the contracted power is not exceeded, the service provider installs a circuit breaker rated to the nominal current. In this situation, the maximum current allowed (the current in the electrical appliances plus the current in the EV) is established by the main circuit breaker installed in the home electrical switchboard. It is important to note that in a typical situation, the EV is plugged in a home socket to perform the battery-charging process with no concern about the contracted power for the home.
To obtain reliable data on an EV battery-charging process, the EV Renault Fluence charging process was monitored. The obtained results are presented in detail in [42] . This monitoring was performed under secure and controlled conditions and with an appropriated electrical installation. To obtain the results, a FLUKE 435 power quality analyzer was used, which was programmed to register, every 1 min, the RMS value of the power grid voltage and the current in the EV. The EV batterycharging process was monitored several times in different conditions, for instance, performing the battery-charging process after a full discharge and with different ambient temperatures. In [27] , some preliminary experimental results in a singlephase installation of 230 V and 50 Hz are presented, where it was illustrated that it was not possible to perform the EV charging process due to the current in the electrical appliances, i.e., without a smart charging strategy. Moreover, in [27] , it was demonstrated that, through experimental results, with using a smart EV battery-charging process, the total current in the home is maintained below the limit, and the circuit breaker trips are avoided. It is important to note that using this strategy, more time than expected (according to the time specified by the EV manufacturer) is required to perform the full EV batterycharging process. However, the circuit breaker never trips during the EV battery-charging process. It is also important to note that the overcurrent situation (circuit breaker trips) can occur even with dedicated EV home installation, once it is not possible to predict the electrical appliances connected at the home electrical installation. Although these results portray a specific case, it is quite representative of EV battery charging at home.
During this operation mode, the ac-dc front-end converter operates as in the G2V operation mode presented in Section III. On the other hand, the dc-dc back-end converter operates as a buck-type converter; however, the current in the batteries (i bat ) is controlled as a function of the current in the home electrical appliances (i a ) and the total current allowed to the home. After obtaining the current in home electrical appliances (i a ), its RMS value (I A ) is calculated according to
where N is the number of samples used in each cycle of the power grid voltage (in this case, using a sampling frequency of 40 kHz, N = 800). This equation allows for calculating the RMS value during one cycle (50 Hz) of the power grid voltage. Therefore, neglecting the converter losses, which does not introduce significant error to the circuit analysis, the current reference in the batteries (i * bat ) is obtained according to
where I H_ max is the maximum RMS value for the total current in the home. This reference current is used in (11) to control the dc-dc half-bridge bidirectional converter during the charging stage with constant current. During the charging stage with constant voltage, the reference (v * bat ) is obtained according to From (20) and (25), the reference of current for the ac-dc front-end converter is obtained according to
This reference of current is used in (8) to control the ac-dc front-end converter. Fig. 8 shows the experimental results of the EV battery charger in the H2V operation mode (combined with the G2V). This figure shows the instantaneous values of the power grid voltage (v g ), the total current in the home (i h ), the current in the home electrical appliances (i a ), and the current in the EV (i ev ). As shown, the current in the EV (i ev ) is adjusted as a function of the variation in the current in the home electrical appliances (i a ) in three cycles of the power grid voltage, i.e., in 0.06 s. This interval of time is used to calculate the RMS value of the current in the home electrical appliances (i a ), and the remaining time of the referred interval is used to slowly adjust the current in the EV (i ev ) to avoid sudden variations in the total current in the home (i h ). Fig. 9 shows the experimental results of the response of the current in the EV as a function of changes in the current in the home electrical appliances, during a period of 50 s. In this figure, the RMS values of the total current in the home (I H ), the current in the home electrical appliances (I A ), and the current in the EV (I EV ) are presented. As shown, the current in the EV (I EV ) is adjusted with a smooth response, after a delay needed to calculate the RMS value of the current in the electrical appliances (I A ). In this situation, the total home current is maintained almost constant and equal to 15 A, whereas the load current has a maximum variation of 5 A, causing a variation with the same amplitude in the EV (I EV ) current.
B. H2V Combined With V2G
During this operation mode, the power flows from the EV batteries to the power grid as well, in accordance with the power that flows to the other electrical appliances. This functionality also aims to prevent overcurrent trips of the main circuit breaker installed in the home. However, it is used when the current in the home electrical appliances (I A ) exceeds the maximum total current in the home (I H_ max ). Therefore, the current in the EV (I EV ) is the difference between the current in the electrical appliances (I A ) and the total current in the home (I H_ max ), which is expressed by
In this situation, the reference current in the batteries (i * bat ) is obtained in accordance with
Moreover, in this situation, this reference current is used in (14) to control the dc-dc converter. From (20) and (29), the reference of current for the ac-dc front-end converter is obtained according to
This reference of current is used in (8) to control the ac-dc front-end converter. Fig. 10 shows the experimental results of the response of the current in the EV as a function of changes in the current in the home electrical appliances, during a period of 5 s. In this figure, the RMS values of the total current in the home (I H ), the current in the electrical appliances (I A ), and the current in the EV (I EV ) are presented. As shown, the total current in the home is maintained almost constant and equal to 15 A, whereas the load current has a maximum variation of 7 A, which corresponds to the maximum variation in the current in the EV (I EV ). Fig. 11 shows the principle of operation of the V4G mode. In this operation mode, the EV can be used only to produce reactive power or to operate as an active-power filter (i.e., compensating harmonics in the total current in the home). When the EV battery charger is connected to the power grid, but it is not operating in the G2V or the V2G operation mode, it can operate in the V4G only to produce inductive or capacitive reactive power and to compensate current harmonics. In this case, the total rated power of the EV battery charger can be used for that matter (without using any energy from the batteries). On the other hand, the V4G operation mode can be performed at the same time the EV battery charger is working in the G2V operation mode (charging the batteries) or when it is working in the V2G operation mode (returning part of the energy stored in the batteries back to the power grid). However, in these cases, only part of the rated power of the EV battery charger, which is not being used for the G2V or the V2G mode, can be used to produce reactive power or to compensate current harmonics.
VI. VEHICLE-FOR-GRID OPERATION MODE

A. Producing Reactive Power
During this operation mode, the EV is used to produce reactive power according to set points received from the power grid manager. For such purpose, the EV receives a value of reactive power (Q * ) and a value of a time interval. It is important to note that the maximum reactive power that the EV can produce cannot exceed the nominal power of the EV. For instance, if the EV is operating in the G2V mode with power of 2 kW, then the maximum reactive power that the EV can compensate is 3 kVAr. Therefore, the reference current for the ac-dc front-end converter is obtained according to
where Q * denotes the reactive-power reference, and pll c is the signal obtained from the PLL that is in quadrature with pll s . On the other hand, the dc-dc half-bridge bidirectional converter operates as described for the G2V operation mode (cf., Section III) or for the V2G operation mode (cf., Section IV). If this operation mode is combined with the V2G mode, then the current i bat [k] should be −i bat [k] . Fig. 12 shows the experimental results of the EV battery charger in the V4G operation mode. This figure shows the power grid voltage (v g ) and the current in the EV (i ev ) for an active power of 1.05 kW and a reactive power of 0.764 kVAr (capacitive). On the other hand, Fig. 13 shows the same variables but for a reactive power of 0.764 kVAr (inductive). 
B. Compensating Current Harmonics
During this operation mode, the EV is used to compensate the current harmonics of the total current in the home (i h ). When the EV is used to compensate current harmonics, to determine the reference of current for the EV, it is necessary to measure the instantaneous value of the current in the home electrical appliances (i a ). As discussed in Section V, this current is acquired by the EV battery charger through the connector identified in Fig. 1(b) as "Measured Signals." With this current and the power grid voltage (v g ), the instantaneous value of the power in the home electrical appliances (p a ) is calculated according to
and the average value of this instantaneous power is calculated according to
where N denotes the number of samples used in each cycle of the power grid voltage. With the average value of the power and the instantaneous current in the electrical appliances (i a ), the instantaneous value of the reference current in the EV (i * ev ) is calculated according to
If this operation mode is combined with the V2G, then the current i bat [k] should be −i bat [k] . Fig. 14 shows the experimental results of the instantaneous values of the power grid voltage (v g ), the total current in the home (i h ), the current in the home electrical appliances (i a ), and the current in the EV (i ev ). These results were obtained with the EV only compensating the current harmonics, i.e., without charging the batteries (P BAT = 0). As shown, due to the EV operation in this mode, i.e., with the current produced by the EV as a function of the current in the home electrical appliances (i a ), the total home current (i h ) is sinusoidal and in phase with the power grid voltage. The measured THDi% in the total home current (i h ) was 2%, and the total power factor was 0.99. Fig. 15 shows the same variables that were presented in Fig. 14 . However, these results were obtained with the EV compensating the current harmonics and also charging the batteries (P BAT = 1 kW). Moreover, in this operation mode, due to EV operation, the total home current (i h ) is sinusoidal and in phase with the power grid voltage. The measured THDi% in the total home current (i h ) was 2%, and the total power factor was 0.99.
VII. VEHICLE-TO-HOME OPERATION MODE Fig. 16 shows the principle of operation of the V2H mode. The V2H operation mode is totally independent of the G2V and V2G operation modes. In the V2H mode, the EV battery charger is controlled to operate as a voltage source, where the batteries are the power source. This operation mode is divided into two distinct cases, i.e., when the EV battery charger is used to provided energy to electrical appliances in isolated systems or when the EV battery charger is used to operate as offline UPS. In both cases, the batteries are discharged with no control of the discharging current because the dc-dc converter is only controlled to maintain the dc-link voltage regulated.
A. Isolated Systems
During this operation mode, the EV operates as a voltage source for isolated systems. For such purpose, the ac-dc frontend converter is controlled to synthetize a sine-wave voltage with the desired amplitude and frequency to feed the home electrical appliances. During this operation mode, the dc-dc converter operates as a boost-type converter to maintain the dclink voltage with an adequate amplitude for the proper operation of the ac-dc front-end converter. During this operation mode, the dc-link voltage (v dc ) is controlled according to
and the voltage (v ev ) is controlled according to Taking into account that the EV operates disconnected from the power grid, the reference voltage (v * ev ) is obtained from a sine table stored in the internal memory of the digital controller. Fig. 17 shows the experimental results of the EV battery charger in the H2V operation mode (in isolate systems). In this operation mode, energy from the EV battery is used to supply the home electrical appliances. In this experimental result, a linear load was used, i.e., a resistive load of 34 Ω. This figure shows the voltage produced by the EV (v ev ) and the current in the home electrical appliances (i a ).
B. UPS
During this operation mode, the EV operates as offline UPS. Therefore, it is necessary to implement an algorithm to detect power outages. In the scope of this paper, an algorithm based on the estimation of the RMS value using a Kalman filter was used. For such purpose, it was defined that a power outage occurs when the RMS value of the power grid voltage is below 90% of its nominal value (standard EN 50160). During this operation mode, when a power outage is detected, the switch sw, as represented in Fig. 1 , is open, and the home is disconnected from the power grid.
The algorithm for estimating the RMS values using the Kalman filter is more complex than the traditional method using the RMS calculation; however, in most situations, it is faster to detect variations in the RMS value. The Kalman filter is based on two distinct sets of equations: prediction and correction [43] . The estimation of the RMS value of the power grid voltage is given byV estimated and compared with a threshold of 90% of the nominal value. When the estimated RMS value is below the reference of 90%, it is assumed that a power outage occurs, and thus, the EV must operate in the V2H operation mode as offline UPS. Fig. 18 shows the experimental results of the EV battery charger in the H2V operation mode as offline UPS. This figure shows the instantaneous values of the voltage (v ev ) and the current (i a ) in the home electrical appliances when a power outage is detected. As shown, before the transition, the voltage applied to the home electrical appliances is the power grid voltage, and after the transition, the voltage applied is the voltage produced by the EV. In this situation, 0.4 ms was required for a complete transition, i.e., to detect the power outage and for the EV to start operation as a voltage source. Fig. 19 shows the voltage and current in the home electrical appliances (v a and i a ) and the current in the EV (i ev ). In this situation, a nonlinear electrical appliance was used (which is a more realistic condition) to validate the V2H operation mode as offline UPS. When a power outage is detected, the EV operates as a voltage source producing the voltage applied to the home electrical appliances (v a ), and consequently, the current in the electrical appliances (i a ) is the same current of the EV (i ev ). As stated previously, when a power outage is detected, the switch sw is open, and the home is disconnected from the power grid. When the power grid voltage is restored, the switch sw is closed, however only after a delay necessary for the complete synchronization of the PLL with the power grid voltage. Fig. 20 shows the experimental results of the EV battery charger in the H2V operation mode as offline UPS. This figure shows the power grid voltage (v g ) and the digital values (values in the DSP and obtained with a digital-to-analog converter) of the power grid voltage and the PLL signal (v plls ). As shown, before the power grid voltage restoration, v plls is sinusoidal and with the same amplitude as the power grid voltage (v g ). After the restoration, v plls is forced to synchronize with the power grid voltage. For such purpose, 120 ms was required. Fig. 21 shows the experimental results of the EV battery charger in the H2V operation mode as offline UPS. This figure shows the voltage in the home electrical appliances (v a ) and the digital values of the power grid voltage and the v plls signal. These results were obtained during the transition from the offline UPS mode to the normal mode (when the voltage applied to the home electrical appliances is the power grid voltage). When the power grid voltage is restored, the angle of phase of the voltage produced by the EV in the offline UPS operation mode is slowly synchronized with the power grid voltage. When the voltage produced by the EV is completely synchronized with the power grid voltage, the switch sw is closed, and the EV battery charger stops its operation as offline UPS, i.e., the voltage applied to the home electrical appliances is again the power grid voltage. As shown in Fig. 21 , when the transition occurs, v plls is completely synchronized with the power grid voltage. It is important to note that the voltage produced by the EV has little distortion because the input passive filters are optimized for the G2V (or the V2G) operation mode and not to the V2H operation mode.
VIII. CONCLUSION
This paper has described the operation modes for the EV in smart grids and smart homes. The present status of the EV operation modes basically comprehends the G2V and the V2G, in which power between the power grid and the EV batteries is exchanged. This paper has proposed two innovative smart operation modes, namely, H2V and V4G. Apart from these operation modes (G2V, V2G, H2V, and V4G), an improved V2H was also presented in this paper, framed with the other operation modes. During the H2V operation mode, the current in the EV is controlled according to the current consumption of the electrical appliances in the home, aiming to prevent overloads and overcurrent trips in the main circuit breaker of the home. This operation mode is performed during the EV battery charging or discharging process. During the V4G operation mode, the EV battery charger is used for compensating reactive power or current harmonics in the home. This operation mode can be also performed during the EV battery charging or discharging process. During the V2H operation mode, the EV is used to operate as a power source for an isolated home or as offline UPS for a grid-connected home. In this paper, several experimental results are presented, both in steady state and during transients, to validate the aforementioned operation modes and to show that the EV can represent an asset toward smart grids and smart homes. For such purpose, a 3.6-kW bidirectional EV battery charger prototype was developed, which is presented and described along this paper, as well as the power theory and the voltage and current control strategies for all the operation modes.
